Abstract Of the different outstanding merits of multiphase machines is their ability to run steadily with some phases open. Commonly, optimal current control (OCC) to remaining healthy phases is usually engaged to ensure a certain optimization criterion. Most of the available literature investigates the fault case where one of the motor phases is completely disconnected due to a failure in one of the inverter legs. To maintain pre-fault operating conditions, the machine experiences a 53% increase in the total copper loss; otherwise, the machine should be deloaded. Under open gate fault condition of one of the upper or lower switching devices, the corresponding switch will be open, while the other switch in the same leg can be still used to enhance the machine performance under this case. This paper proposes an improved control strategy to optimize a five-phase induction motor drive under a gate failure of one of the inverter switching devices using a half cycle optimal current control (HCOCC) technique. When compared with a conventional OCC, the proposed controller can effectively reduce the excessive copper loss by 50%, improve efficiency, and decrease the corresponding derating factor. The proposed controller is verified using a five-phase induction machine based on a simulation case study using MATLAB/SIMULINK. 
Introduction
Recently, multiphase machines have been recognized as an attractive choice for large variable speed drives due to their numerous advantages against their three-phase counterparts [1] . The stringent requirements of high power safety critical applications such as electric propulsion, tractions and the concept of more electric air craft pull the multiphase machine into focus [1, 2] . Firstly, with the additional degrees of freedom offered by multiphase windings, the total power is split across the phases, which allows for lower per-phase converter ratings, a highly preferable feature in medium voltage applications. With the extensive work introduced in the literature, many other promising features have been recognized, including higher torque density, improved torque quality, lower dc link ripple current, improved air gap flux distribution, lower machine losses, and improved overall efficiency [3, 4] .
Of the different merits of a multiphase drive, the ability to run with some phases open without the need for additional hardware components stands as a distinguishing merit for such drive systems under either open-loop [5] or closed loop current controllers [6, 7] . On one hand, the open loop controller corresponds to a higher torque ripple and unbalanced winding currents but a lower derating factor [8] . On the other hand, the optimal current control is usually preferred in the state-ofthe-art to ensure certain post-fault operating conditions based on a certain optimization criterion. Usually, maximum average torque and minimum copper loss are among these main optimization criteria employed in this regard [6] . Much work can be traced in the available literature which employs different post-fault control strategies for both permanent magnet and induction machine types; including hysteresis control [9] , synchronous frame current control [10] , PI-resonant control [6, 11] , and predictive controllers [12, 13] . All these previous techniques deal with one open phase due to a complete failure in one of the inverter legs. However, very limited work addresses short-circuit inverter fault cases [14] . According to conventional OCC and for some fault cases, such as open gate transistor fault in one of the upper or lower switching devices, the other healthy transistor is intentionally disconnected to avoid the flow of a unidirectional current in the machine faulty phase. The other healthy phases are controlled with some optimal reference currents to maximize the fundamental magneto motive force (MMF) component while nullifying the backward component [5] . Hence, the current magnitude of the remaining healthy phases should be increased to compensate for this phase loss at the cost of an additional stator copper loss. In a five-phase machine with one phase open, the current magnitude should be increased by 38% to obtain same pre-fault conditions [5] . This will correspond to a 53% increase in the stator copper loss. For open gate transistor faults, instead of disconnecting the other transistor in the same leg, this paper proposes an improved fault-tolerant scheme to control this healthy transistor, which enhances the converter utilization. This controller is called half cycle optimal current control (HCOCC) and is expected to reduce the extra stator copper loss obtained at rated full-load to only 26% of the rated copper loss. Consequently, the machine derating factor will be improved for a certain maximum acceptable magnitude of the machine total losses. The proposed controller is investigated using a simulation case study to a five-phase induction machine under different operating conditions. The paper is organized as follows. The conventional OCC firstly reviewed results and the main in Section 2. In Section 3, the proposed concept of HCOCC is introduced. The required reference current magnitude to reduce the total copper loss is presented in Section 4. The complete current controller based on indirect field oriented control [15] is then presented in Section 5. Finally, the simulation conclusions behind this work are given in Sections 6 and 7 respectively.
Optimal current control
Fault tolerant is the most important feature of the multi-phase machines. An n-phase machine is able to produce ripple free torque with maximum number of faulty phases equal to (n À 3). Different criteria are established to calculate the optimal current reference at post fault. The most popular criteria are the minimum copper losses and the maximum torque production [16] . The later criterion is the favorable one for high power applications. The pre-fault reference current in a five phase machine is described by Eq. (1):
where: i Ã ks is the reference current of stator phase k s e (a, b, c, d, e) x is the synchronous speed I m is the peak value of the phase current t is the time Considering a five phase motor subjected to single phase open fault, the reference current described by Eq. (1) cannot be achieved at post-fault due to the fact that phase (A) current will remain always zero. The new constrain of an open phase set a new relation between the alpha (a) components of the sequence current, as described by Eq. (2) . Based on the maximum ripple free torque criterion, the post-fault beta (b) component is given by Eq. (3) while the five phase reference current is given in Eq. (4) [16] . Eq. (5) describes the transformation matrix (C) from the five phase currents to the sequence currents [17] .
Disregarding the full inverter leg which contains the open semiconductor switch is the common principle used by the entire previous fault tolerant control methods. The COCC is applied to the rest of the multi-phase machine phases. The fact that each semiconductor switch conducts only during one half cycle is the base stone of the proposed HCOCC.
The proposed half cycle optimal current control
The upper switch in a certain leg is the complementary of the lower switch in the same leg. The square current waveform shown in Fig. 1 -A consists of two halves of cycle. The positive have cycle (PHC) occupies the interval from 0 to p while the negative half cycle (NHC) covers the period from p to 2p. Positive load current is required to flow within the circuit during the PHC. The upper switch closes and the DC link voltage forces positive current to flow through the load as shown in Fig. 1-B . The load current continues flowing in the same direction utilizing the lower free-wheeling diode in case if upper switch is opened, as shown in Fig. 1-C . Within the PHC, the lower switch is inactive. An open gate fault in the lower switch will not affect the PHC. Similarly, an open gate fault in the upper switch will not affect the NHC. The negative load current will pass through either the lower switch or the upper freewheeling diode as shown in Fig. 1-D and 1 -E respectively. Thus, the healthy reference current could be achieved during An open gate fault is considered at the upper switch of phase A. Thus, the healthy reference current waveform during the period starting from p to 2p is valid at post-fault as the upper switch is inactive at this period. Fig. 2 -A depicts the pre-fault reference current while Fig. 2-B shows the post fault reference current during the period from p to 2p. On the other hand, the faulty switch is essential at pre-fault during the period from 0 to p. The proposed solution during this period is the partial utilization of the COCC. Fig. 3 -A shows the four phase reference current resulting from applying the COCC while Fig. 3 -B depicts the partial utilization of the COCC during the period from 0 to p.
The proposed HCOCC uses the useful portions of both of the healthy case and the COCC reference current. This is achieved by summing Figs. 2-B and 3-B where the resultant is shown in Fig. 4 . The reference current of the HCOCC controller is described by Eq. (4) during the period (0 6 xt < p) while, it is described by Eq. (1) during the period (p 6 xt < 2p).
Copper losses reduction using the proposed HCOCC
The reference current waveform of the proposed HCOCC composes of two different half cycles as shown in Fig. 4 . The faulty phase reference current is zero in the first half cycle while the healthy phase's reference current is a sine wave of peak equal to 1.382 per unit. On the other hand, the entire phase's reference currents are sine waves of unity peak during the second half cycle. Eq. (6) describes the root mean square current of the proposed HCOCC healthy phases (I p-rms ).
where:
£, u: are the phase angles (the phase angle is not the same for the entire healthy phases). Similarly, Eq. (7) gives the faulty phase root mean square current of the proposed HCOCC (I hu-rms ).
In addition, Eqs. (8), (9) depict the root mean square current of the COCC (I C-rms ) and the healthy case (I h-rms ) respectively.
Eq. (10) describes the stator copper losses in the healthy case, while Eqs. (11), (12) show the stator copper loss when using the COCC and HCOCC respectively. The reference current of the proposed HCOCC (I p ).
where: P h is stator copper losses in the healthy case. P C is stator copper losses in the COCC case. P p is stator copper losses in the proposed HCOCC case. R is motor stator resistance.
The percentage increase in the stator copper losses while using the COCC (DP C ) and the proposed HCOCC (DP p ) relative to the healthy case could be calculated using Eqs. (13), (14) respectively:
Eqs. (13), (14) state that the percentage increase in the copper loss due to fault is reduced from 53% to 26% while using the HCOCC instead of the COCC. Hence, the derating factor is reduced.
Indirect field oriented control using the proposed HCOCC
The multiphase induction machine can be controlled by the standard indirect field oriented control (IFOC) as long as it has a balanced construction [15] . The IFOC calculates the reference direct and quadrature (dq) currents in the synchronous reference frame based on the command torque and reference flux. Then the dq current components are transformed to sequence current component in the stationary reference frame (ab) using the transformation matrices shown in Eq. (15) at pre-fault [18] . At post-fault Eq. (16) depicts the transformation from the synchronous frame (dq) currents to the stationary (ab) [19] . In the proposed HCOCC technique, with the assumption of an open gate fault in phase (A) upper switch, the pre-fault reference current is still transformed using Eq. (15), while the post-fault reference current takes two different forms. The first form is described by Eq. (16) and is utilized during the period from xt equal to zero to p .The second form is given by Eq. (15) and is used in the period of xt changing from p to 2 p. The zero sequence component is equal to zero as the machine is connected in isolated star. In addition, the supply of five phase current is calculated using the transformation matrix given in Eq. (5) for all cases. Finally the actual currents are achieved using five hysteresis current controllers. At each instant, it is required to detect which half cycle takes place. This can be done by an extra current transformation in the back ground. The (dq) reference current is transformed using healthy case transformation matrix given in Eq. (15) and (5) . The resulting five phase currents are used as a test signal (I t ). As an open gate fault is assumed phase (A) upper switch, the resulting test signal of phase A (I ta ) is observed. The current instant is located in the PHC, if the value of I ta is positive. Otherwise, the current instant is located in the NHC. 
where: i d1 is the stator current direct component of the fundamental sequence. i q1 is the stator current quadrature component of the fundamental sequence. i d3 is the stator current direct component of the third sequence. i q3 is the stator current quadrature component of the third sequence. i o is the zero sequence current.
System under study
The system under study is shown in Fig. 5 . The system consists of five phase induction motor driven by a five leg voltage source inverter. The base stone of the system is the IFOC. The well known torque and flux decoupling feature of the IFOC are extended to the five phase machine at both the healthy operation and fault condition [15] . Normally, the IFOC receives the command torque and reference flux as inputs. The command torque is the output of the speed loop controller while the reference flux is set to constant value of one per unit. Then, the IFOC calculates the reference current in the synchronous reference fame. The five phase machine is decoupled into two sequence plan, namely the fundamental and the third sequence plans [16] . Fault tolerant for a five-phase induction machine
Assuming sinusoidal flux distribution, the current values resulting from the IFOC are the fundamental plan direct and quadrature components (i d1 ) and (i q1 ) respectively, while the values of the third plan current components are equal to zero. If the stator winding is connected in an isolated neutral star connection, the value of the zero sequence current is zero. The resulting current vector is the target current vector to achieve the required command torque and reference flux. In the healthy condition this current vector is transformed to the stationary reference frame using Park's transform (PT). PT is extended to the five phase machine as given by Eq. (15) [18] . The value of the synchronous frame angular position relative to the stationary frame is required to apply PT. The IFOC uses the actual current values to calculate the slip value. The integration of the slip value plus the rotor speed is the angular position of the synchronous reference frame. This is why the feedback speed and actual current are input to the IFOC block shown in Fig. 5 . The PT block output is the reference sequence currents in the stationary frame. Another transform is required to convert the reference sequence currents to the terminal five phase reference current. This transform is the Clark's transform (CT). The CT block shown in Fig. 5 is a direct implementation of Eq. (5). The selector switch shown in Fig. 5 is set to position one in the healthy case. So, the CT block output is passed to the Hysteresis current controller. In this stage, the COCC block output is ignored. The hysteresis current controller compares the reference current given by CT with the actual current to generate the inverter switches gate signals. If a single open gate fault occurs, the inverter will be unable to realize the reference current given by the PT/CT blocks. At fault condition, based on COCC, the selector switch is turned to position two where the output of the COCC is passed to the hysteresis current controller.
The COCC is a direct implementation of Eq. (16) followed by CT. At fault condition, based on HCOCC, the selector switch is put on position two during the PHC while it is put on position one during the NHC. The reference current of phase A resulting from the PT/CT block is used to determine whether the system is in the PHC or in the NHC.
Simulation results
The system under study with the proposed HCOCC controller is simulated using the Matlab/Simulink software. A PI controller is used in the speed loop where its output is the command torque of the fundamental plane. The flux reference is set to one per unit. The IFOC calculates the (dq) reference current while the HCOCC converts it to the physical phase currents reference. Then, the reference current is realized using five hysteresis controllers. The motor starts against full load torque of 30 N.M, while the speed reference is selected equal to the rated value of 1500 rpm. After 1.5 s, an open circuit fault at the upper switch of phase A is carried out and the HCOCC is applied. The simulation results of the output torque, rotor speed and phase currents are shown in Fig. 6(A-C) respectively. A focus on these results at pre-fault and post-fault is depicted in Figs. 7 and 8 respectively. The motor speed rises to 1528 rpm due to the starting torque. At steady state, the motor actual speed is almost constant with a steady state speed error of 28 rpm which is equal to 1.9% as shown in Fig. 7 -A. The actual torque varies between 28 and 32 NM and the torque error is 6.7% as shown in Fig. 7-B . The actual current profile is smooth as shown in Fig. 7 -C. After the occurrence of the open gate fault, the steady state speed oscillates slightly around the 1528 rpm as shown in Fig. 8-A . The resulting speed oscillation is negligible as its amplitude is less than one percent. The output torque is mainly steady regardless of the deep notches or spikes which appear twice in each cycle as shown in Fig. 8-B . The actual current profile is not smooth. Sharp transitions appear twice per cycle as shown in Fig. 8-C .
It is noticed that the output torque notches appear in each transition instant from the healthy current reference to the COCC and backwards. This notice gives an impression that the torque notches are due to the unsmooth current transition.
The current reference and the actual current at post-fault are shown in Fig. 9 . Referring to Fig. 9 , the post-fault currents follow their references accurately except at the transition instants.
More focus on the currents and their references during the transition instants is shown in Figs. 10A and 10B. Fig. 10A shows the transition from healthy current to COCC (transition period-1), while Fig. 10B shows the transition from COCC to healthy current reference (transition period-2).
The pour reference current tracking during the transition instant is due to the up-normal changes in the reference current. In addition to the step change in the reference current value, its derivative polarity changes twice in two successive instants. During transition period-1, the current reference of the phase next to the faulty phase starts with a negative current derivative, followed by a positive step change in the reference current value. Finally the value of the current derivative returns back to negative. The actual current oscillates around its reference due to the severe transition of the reference current. The current oscillation is considered as a drawback of the HCOCC. A similar situation occurs in the next phase. The reference current derivative starts with positive value followed by a negative step change in the reference current value then returns again to a positive derivative. This phenomenon does not exist in the last two phases during transition period-1. The current reference derivative of the last two phases has a fixed polarity during transition period-1. During transition period-2, the severe transition appears in the last two phases while it disappears from the two phases which are next to the faulty phase. A current dwell block is introduced to overcome the drawbacks due to this phenomenon.
Current dwell block for torque quality enhancement during the transition periods
The previous simulation results show that, the torque spikes which appear coincident with the transition instant are mainly due to the poor current reference tracking during the transition instants. The reference current transitions are classified into (smooth, soft, hard and sever) transitions to allow a deeper study of this phenomenon. The transition which does not include a step change neither in the reference current nor in Figure 9 Simulation results for actual and reference phase currents for HCOCC during post-fault. Figure 10B Focus on the simulation results for actual and reference phase currents for HCOCC during transition period-2.
its first derivative is defined as smooth transition. An example of the smooth transition is shown in Fig. 11-A. The soft transition is defined as the transition in which the current reference has a step change in its first derivative while its value does not include any step change. An example of the smooth transition is shown in Fig. 11-B . The transition which includes step change in the reference current value and this change is in the same direction of the reference current first derivative is classified as hard transition. Hard transition is depicted in Fig. 11 -C. The severe transition is the transition which contains step change in the reference current in a direction opposite to its derivative. An example of the severe transition is shown in Fig. 11-D .
While applying the HCOCC, each healthy phase reference current contains one of four possible transitions. Fig. 12(A-D) depicts the four possible transition manners of the healthy phases. Fig. 12(A and B) represents two functions with severe transition, while, Fig. 12(C and D) depicts hard transitions. Fig. 12(A-D) is compared with Fig. 10 -A. The comparison shows that during transition period 1, phase C reference current has the shape shown in Fig. 12A, while, Fig. 12(B-D) is similar to the reference current of phases B, D and E respectively. Similarly, Fig. 12(A-D) are compared to Fig. 10-B . During transition period 2, the reference currents of phases E, D, B and C have the shapes as shown in Fig. 12(A-D) respectively. The reference current of the faulty phase always has soft transition.
There are two phases subjected to severe transition in each transition period. It could be noticed from Figs. 10-A and 10-B that the actual current is not able to follow the reference current mainly during the severe transition. The proposed solution for this problem is to convert the severe transition in the current reference to soft transition in all phases. A current dwell block is designed to perform the proposed conversion. Assume an arbitrary current reference I(t) changes from following a function F1(t) to follow another function F2(t), where F1(t) and F2(t) cannot represent a continuous function as given by Eq. (17) and result in a severe transition as well. The current dwell block output before the transition equals to F1(t), while, After the transition, the output is constant for a short period and its value equals to the last 
(C) (D) Figure 13 Severe transitions before and after the current dwell block. A, B: Two possible types of severe transition. C, D: severe transition after converted to soft transition using the current dwell block.
pre-transition value of F1(t). This short period is called the dwell period while the last pre-transition value of F1(t) is called the dwell current value. The dwell period ends when the value of F2(t) becomes equal to the dwell current value. Eq. (18) describes the output of the current dwell block. Fig. 13(A and B) show the two possible combination of F1(t) and F2(t) which result in severe transition, while Fig. 13(C and D) depicts the same combinations after they are converted to soft transition using the current dwell block. Fig. 14 , the output of the current reference selector switch is an input to the current dwell block instead of going directly to the hysteresis current controller. Then the current dwell block output is passed to the hysteresis current controller. The signals pass through the selector switch's two poles are the arbitrary functions F1 (t) and F2(t). When the selector switch is switched from pole one to pole two, the current dwell block will treat the signal which was passing through pole one as F1(t) and the signal which is passing through pole two as F2(t). Similarly, When the selector switch is switched back from pole two to pole one, the current dwell block will treat the signal which was passing through pole two as F1(t) and the signal which is passing through pole one as F2(t). The current dwell block output is the final current reference I(t) which is used by the hysteresis current controller.
where: F1(t) and F2(t) denote any two arbitrary functions.
9. Simulation results using the current dwell block Fig. 6 , a great improvement is noticed in the torque quality. The improvement in the speed quality and current reference tracking ability is not obvious due to the large drawing scale. A focus on these results at pre-fault and post-fault periods is shown in Figs. 16 and 17 respectively. Fig. 16 is exactly the same figure shown in Fig. 7 because the operating condition at pre-fault is still the same.
The steady state speed error is 28 rpm or 1.9% as shown in Fig. 16 -A. The actual torque varies between 28 and 32 NM or 6.7% as shown in Fig. 16 -B. Smooth current profile is observed as shown in Fig. 16 -C. The post-fault simulation results while using the current dwell block are shown in Fig. 17 . By comparing Fig. 17 to Fig. 8 the effect of using the current Dwell Block is clear. The amplitude of the rotor speed oscillation is reduced from 5 RPM to 3 RPM as shown in Figs. 17-A and 8-A. The output torque quality is so much improved. Fig. 17-B shows that the amplitude of the torque notches or spikes is limited to 3 NM or 10%. The torque notches recorded without using the current dwell block was 7 NM or 23.3% as shown in Fig. 8 Figure 18 Simulation results for actual and reference phase currents for HCOCC and current dwell block during post-fault. Figure 19B Focus on the simulation results for actual and reference phase currents for HCOCC and current dwell block during transition period-2. torque error at healthy condition is 2 NM or 6.7% as depicted in Fig. 16-B and is raised to 3 NM or 10% due to the torque spikes as shown in Fig. 17 -B. The current reference and actual current during post-fault are shown in Fig. 18 while a focus on the current profile during transition periods 1 and 2 is shown in Figs. 19-A and 19 -B respectively. By comparing Figs. 18 and 19 to Figs. 9 and 10, good improvement in reference current tracking is obvious in the phases which are cured using the current Dwell block. The enhancement in the reference current tracking is the direct reason for the enhancement in the output torque profile.
During the short transition periods, the current dwell block deviates the reference currents slightly from their optimal values which are given by the IFOC. The simulation results show a ripple free torque and speed during the transition periods. This proves that the effect of the slight reference current deviation is negligible.
A final test is done to confirm the capability of the five phase induction motor to start under fault condition using the HCOCC. An open circuit fault at the upper switch of phase A is simulated and the HCOCC is applied during starting. The simulated load torque was 30 NM which is the full load. The reference speed is set to 1500 RPM. The speed controller parameters are kept the same as in the previous simulation. The simulation results of the output torque, rotor speed and phase currents are shown in Figs. 20(A-C) respectively. The simulation results show the motor ability to start under fault condition using the HCOCC. By comparing Fig. 20 -A to Fig. 15-A , the rising time is increased to 0.5 s while starting the motor under fault. The starting operation under fault condition is acceptable but not that smooth like the healthy condition.
Conclusion
This paper presents a novel technique using HCOCC controller to operate the five phase induction motor under fault condition of one open semiconductor switch. The main contribution of the proposed HCOCC is the ability of using the entire healthy switches instead of disregarding the full inverter leg which contains the faulty switch. The HCOCC utilizes the COCC during only half cycle while in the other half cycle the healthy current reference is used. The simulation results of the proposed HCOCC are carried out using the Matlab/Simulink software. The major drawback of the HCOCC is observed in containing spikes in the output torque at each transition instant from the healthy current reference to the COCC and backwards. The current dwell block is introduced to eliminate these torque spikes. The HCOCC with a current dwell block shows its ability to achieve a ripple free torque and smooth operation of the five phase induction motor under a single semiconductor switch open fault. Finally, the motor ability to start under fault condition is confirmed through the simulation results. 
